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Abstract

Complementary behavioral and computational studies of 21 structurally diverse, gamma-amino butyric acid (GABA), benzodiazepine
receptor ligands that influence spontaneous locomotor activity have been performed in this work. This behavioral endpoint is a
well-accepted indicator of sedation particularly for GABA , /benzodiazepine receptor ligands. The goal of the work presented here is the
identification and assessment of the minimum requirements for ligand recognition of GABA , /benzodiazepine receptors leading to
activity at the sedation endpoint embedded in a common 3D pharmacophore for recognition. Using the experimental results, together with
a systematic computational procedure developed in our laboratory, a five-component 3D pharmacophore for recognition of the GABA ,
receptor subtypes associated with the sedative behavioral response has been developed consisting of: two proton-accepting moieties, a
hydrophobic region, aring with polar moieties and an aromatic ring in a common geometric arrangement in al ligands having an effect at
the sedation endpoint. To provide further evidence that the 3D pharmacophore developed embodied common requirements for receptor
recognition, a pharmacophore analysis was performed for agonists, inverse agonists and antagonists separately. Each of the resulting
pharmacophores contained the same five moieties at comparable distances to those found for the pharmacophore generated using all of
them together. This result confirms that this pharmacophore constitutes a recognition pharmacophore representing required features in the
overlapping portion of their binding sites. The reliability of this 3D pharmacophore was then assessed in several ways. First, it was
determined that ligands that had no effect at the sedation endpoint did not comply with the pharmacophore requirements. Second, four
benzodiazepine receptor ligands known to have an effect at the sedation endpoint, but not used in the pharmacophore development were
found to satisfy the requirements of this pharmacophore. Third, the geometric and chemica requirements embedded in this pharma-
cophore were used to search 3D databases resulting in the identification of benzodiazepine receptor ligands known to affect sedation, but
not included in the pharmacophore development. Finally, a 3D-quantitative structure analysis procedure (QSAR) model was devel oped
based upon the ligands in the training set superimposed at their sedation pharmacophore points. The 3D-QSAR model shows good
predictivity for binding of these ligands to receptor subtypes containing o1 but not a5 subunits. The pharmacophore developed for the
sedation endpoint thus provides a predictive binding model for diverse ligand binding to a1 containing receptor subtypes. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Benzodiazepines ligands are structurally diverse com-
pounds that bind to a specific binding site on the gamma-
amino butyric acid (GABA), receptor, a pentameric chlo-
ride ion channel. These benzodiazepine receptor ligands
allosterically modulate the effect of the endogenous neuro-

* Corresponding author. Tel.: +1-650-210-0310, ext. 105; fax: +1-
650-210-0318.
E-mail address: dannil @purismamolres.org (D.L. Harris).

transmitter, GABA on chloride flux through the GABA ,
receptor ion channel. Benzodiazepine receptor ligands can
either enhance, diminish or have no influence on GABA
activity and have thus been categorized as agonists, inverse
agonists and antagonists, respectively. Benzodiazepine re-
ceptor ligands influence a variety of behavioral endpoints
including anxiolysis, sedation, hyperphagia, anticonvulsion
and hyperthermia.

Progress in understanding the pharmacology of this
receptor system has been complicated by the well-recog-
nized heterogeneity of the GABA , receptor. It is now
clear that there is more than one type of functional GABA ,
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receptor in virtually every region of the brain (Laurie et
a., 1992; McKernan and Whiting, 1996; Wisden et 4.,
1992). Cloning and segquencing of this receptor has re-
vedled that the pentameric GABA , ion channel consists of
various combinations of subunits from eight distinct sub-
unit classes: (a1l —6, Bl —4, y1—4,3,pl—3, &, m, 0)
(Burt and Kamatchi, 1991; Olsen and Tobin, 1990; Bon-
nert et al., 1999; Olsen and Delorey, 1999). Although in
principle, these subunits can combine to form an essen-
tially infinite number of functional GABA, receptors,
estimates suggest far fewer distinct functional combina-
tions in vivo (Whiting, 1999).

There has been long standing uncertainty in the number
and subunit composition of the GABA , receptors associ-
ated with many behavioral activities. Nevertheless, studies
of different combinations of subunits in transfected cell
systems have identified important general characteristics of
functional GABA , receptors. For example, with few ex-
ceptions, the co-expression of «, B, and vy subunits in
transfected cell systems are required to mimic the phar-
macological properties of native GABA, receptors
(Prichett et al., 1989). However, studies of structuraly
diverse benzodiazepine receptor ligands on transfected cells
containing various a subunits in combination with B2, y2
subunits, have reveaed little or no selective binding. The
absence of selective ligands makes it difficult, from recep-
tor binding studies alone, to associate a particular benzodi-
azepine receptor /GABA , receptor subtype with a given
behavior. In addition, some GABA , receptors may have
two distinct o subunits present in some tissues (Araujo et
al., 1996).

A very recent study by Rudolph et a. (1999) provides
the first direct evidence for the possibility of associating
particular receptor subtypes with specific behavioral end-
points. The a1, a2, a3 and o5 subunits have a conserved
histidine (H) in position 101 and bind classical benzodi-
azepine ligands, such as diazepam, with comparable affini-
ties. In contrast, «4 and a6 subunits have a conserved
arginine (R) in this position and are diazepam insensitive.
In that study, a H101R-mutated o1 subunit was introduced
into mice and their pharmacological characterization in
response to diazepam evaluated. The findings in this paper
indicate the H101R mutation in the o1 subunit impairs the
sedative, amnesia and anticonvulsant effects of diazepam
administered to the transgenic mice, hence implicating
H101 in these behavioral endpoints. These results imply
that the o1 subunit is associated with at least these three
behavioral endpoints.

Work by Dunn et al. (1999) has revealed that mutations
at H101 can have significant effects on binding affinities
as well as dtering the characteristic agonist, inverse ago-
nist or antagonistic response of RO15-4513 and RO15-1788
as determined by electrophysiological responses. These
results reveal the sensitivity of binding affinities and spe-
cific types of activation to a single site-specific mutation in
a subunits of the GABA , benzodiazepine receptor, hence

making the task of relating receptor types to behavioral
endpoints even more challenging.

In the joint experimental and computational study re-
ported here, structurally diverse benzodiazepine receptor
ligands were assessed for their effect on spontaneous
locomotor activity. The effect of a drug on spontaneous
locomotor activity in rodents has commonly been used as a
measure of its sedative potentia (Pain et al., 1999; Uvnas-
Moberg et al., 1994).

Competitive binding studies indicate that, with the pos-
sible exception of low affinity sites, the binding of ago-
nists, inverse agonists and antagonists are mutually exclu-
sive (Dunn et a., 1999; Hunkeler et a., 1981; Mohler et
al., 1981). This result implies that the binding site of
agonists, inverse agonists and antagonists are at least par-
tially overlapping. The overlapping binding sites, of seda-
tion agonists, inverse agonists and antagonists must have a
similar 3D recognition pharmacophore containing recogni-
tion moieties in their overlapping binding regions given
that they all have significant binding affinities. These
ligands, of course, have additional stereochemical features
since they are structurally diverse, bind to and activate
benzodiazepine receptors associated with other behavioral
endpoints, as well as differentially activate the receptor
associated the sedation activity. However, the analysis of
the common 3D distance relationship specifying the ar-
rangement of recognition elements common to the binding
sites of sedation agonists, inverse agonists and antagonists,
comprise a set of minimal requirements for recognition of
their overlapping binding regions. A 3D pharmacophore
descriptive of this overlapping binding regions should
comprise elements constituting a significant portion of the
binding affinities of the three classes of ligands at the
receptor associated with the sedation endpoint. The deter-
mination of such recognition pharmacophores from such
data set should then result in the identification of the
minimal molecular recognition determinants shared by
these three categories of ligands.

The goal of the work presented here is the identification
and assessment of these minimum requirements, embedded
in a common 3D pharmacophore for recognition. To this
end the 21 structurally diverse ligands found to be active at
this endpoint were used in an in house program, called
MOLMOD to generate such 3D pharmacophore for recog-
nition of receptors leading to activity at the sedation
endpoint. This program does not require a template and
makes no a priori assumptions of the biologically active
conformation. Instead it requires the conformational library
of each ligand as input together with candidate moieties
selected as possible components of this pharmacophore.
The program then determines if, for at least one possible
conformer of each ligand, there is a common geometric
arrangement of some of these candidate moieties. The
reliability of this 3D pharmacophore was then critically
assessed in several ways. Firgt, ligands that had no effect
at the sedation endpoint were analyzed to verify that they
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did not comply with the pharmacophore requirements.
Second, four additional benzodiazepine receptor ligands
known to have an effect at the sedation endpoint, but not
used in the pharmacophore development were analyzed to
verify that they satisfied the requirements of this pharma-
cophore. Third, the geometric and chemical requirements
embedded in this pharmacophore were used to search 3D
databases to verify that such a search results in the identifi-
cation of benzodiazepine receptor ligands known to affect
sedation, but not included in the pharmacophore devel op-
ment. Finaly, a 3D-quantitative structure analysis proce-
dure (QSAR) model was developed based upon the ligands
in the training set superimposed at their sedation pharma-
cophore points in order to verify its correlation with the
binding affinities of benzodiazepine receptors containing
a1 subunits.

2. Materials and methods
2.1. Experimental methods

2.1.1. Animals

Male C57Bl /6 mice were obtained from Charles Rivers
(Holister, CA) at 6 weeks of age. Mice were maintained on
anormal 12 h light /12 h dark cycle (lights on 700-1900
h) with free access to food and water. Tests were con-
ducted during the light phase between 1300 and 1700 h
with a 30-min acclimation period in the testing room prior
to drug or vehicle administration.

2.1.2. Drugs

The benzodiazepine receptor ligands tested were RO15-
4513 (ethyl 8-azido-6-dihydro-5-methyl-6-oxo-4H-imida-
zo[1,5-a}-[1,4]benzodiazepine-3-carboxylate), RO16-6028
( t-butyl(S) -8-bromo-11, 12,13,13 a-tetrahydro- 9-oxo-9H-
imidazo[1,5-a][1,4]benzodiazepine-1-carboxylate), RO-
23-1590 (2-( p-chloro phenyl)-4-(4-N-ethylamide pipera-
zinyl) quinoline), RO15-1788 (8-fluoro-3-carboxy-5,6-di-
hydro-5-methyl-6-ox0-414-imidazo[1,5-a]1,4 benzodia-
zepine), RO41-7812 (7-chloro-4,5-dihydro-3-(3-hydroxy-
1-propynyl) -5-methyl-6 H-imidazo[1,5-a][1,4]benzodi azep-
in-6-one), RO42-8773 (7-chloro-3-[3-(cyclopropylmetho-
xy)- 1 -propynyl]-4,5-dihydro-5-methyl-6H-imidazo[1,5-a]
[1,4]benzodiazepine-6-one)) from Hoffman—LaRoche, Nut-
ley, NJ); CGS8216 (2-phenylpyrazolo[4,3-c]quinolin-
3(5H)-one), CGS9896 (2-p-chlorophenylpyrazolo[4,3-
clquinolin-3(5H )-one), CGS9895 (2,5-dihydro-2-(4-
methylphenyl)-3H-pyrazolo[4,3-c]quinolin-3(5H )-one  2-
(4-methoxy-phenyl) -pyrazol o[4,3-c]quinolin-3(5 H ) -one)-
(Ciba—Geigy, Summit, NJ); RU31719 (Roussel Uclaf, Ro-
mainville, France) and AHR 11797 (A.H. Robbins, Rich-
mond, VA); MFB 43C (1,3 dihydro-5-(2-thienyl)-2H-1,4-
benzodiazepin-2-one) provided by Dr. Mark F. Beatty at
the Univ. of Bath, U.K; compound #42 (ethyl 8-trimethyl-

silyl-2-accetyl-11,12,13,13a-tetrahydro-9-0xo0-9H -imidazo
[1,5-a]pyrrolo[2,1-c]1,4 benzodiazepine 1-carboxylate,
compound #47 (ethyl 8-trimethylsilyl-2-accetyl-12, 12a-
dihydro-9-ox0-9H, 11H-azeto[2,1-climidazo[1,5-a] 1,4
benzodiazepine 1-carboxylate) and RY 10: (ethyl 8-ethyl-
5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5a][1,4] benzo-
diazepine-3-carboxylate) were generously provided by Dr.
James Cook at the Univ. of Wisconsin. All drugs were
suspended in vehicle (0.9% saline containing 0.2% tween
80).

The data for abercanil (isopropyl-6-benzyloxy-4-me-
thoxymethyl-B-carboline-3-carboxylate), AHR 14749
(1N, N’dimethyl-amido-imidazo[2,3a]-2-chloropyridine)
and zolpidem (N, N,6-trimethy!-2-(4-methylphenyDimida-
zo [1,2-a]pyridine-3-acetamide hemitartrate] are the only
compounds whose results are shown in Table 1 and Fig. 1
which have not been re-examined using the protocols
documented below but are as described in previously
published work (Davies et al., 1994; Chen et al., 1996).

2.1.3. Spontaneous locomotive activity

Thirty minutes after receiving an intraperitoneal (i.p.)
injection of drug or vehicle, mice were placed individually
into a clear plastic monitoring chamber measuring 72 X 32
X 32 cm (San Diego Instruments, San Diego, CA). Spon-
taneous locomotor activity was measured via seven sets of
photoelectric sensors evenly spaced along the length of the
monitoring chamber, 4 cm above the floor of the chamber.
Interruption of the photocell beams were recorded auto-
matically and stored on computer. Both ambulatory and
total locomotor activities were recorded. The monitoring
period lasted for 10 min. Each set of mice was divided into
two groups of four with one group receiving vehicle and
the other the test drug. One week later the groups were
switched, with the original vehicle group receiving drug
and the original drug group receiving the vehicle.

Compounds were tested over the dose range 0.3—30
mg/kg. The minima dose able to dlicit a statistically
significant difference from that of the vehicle by sponta-
neous locomotor activity assessment is reported in Table 1.
Full dose response curves for a drug effect on spontaneous
locomotor activity have been previously determined in our
laboratory for 17 of the 21 compounds used in this study
(data not shown). Spontaneous locomotor activity mea-
surements were repeated on these 17 compounds to assure
self-consistency with data collected on the newly added
compounds (RY 10, compound #42, compound #47 and
R0O15-4513).

Compounds that did not significantly affect spontaneous
locomotor activity either by reducing activity (agonist) or
enhancing activity (inverse agonist), as compared to vehi-
cle, at a concentration of < 30 mg/kg were also tested for
antagonism. Characterization of antagonistic properties was
accomplished by simultaneous i.p. injection of both the
putative antagonist and the agonist flunitrazepam (5
mg,/kg) and measuring effects on locomotor activity 30
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Table 1
Spontaneous locomotor activity observed for 17 structuraly diverse
GABA , /benzodiazepine receptor ligands

Compound Dose (mg/kg) Activity?

Sdine NA 159+ 22

Vehicle NA 182+7

CGS9895 10 52+ 8" (agonist)
CGS9896 30 123+27

CGS8216 50 285+ 30° (inverse agonist)
RO15-1788 30 246+ 33

RO15-4513 30 286+ 19° (inverse agonist)
RO16-6028 100 96+ 34

RO23-1590 10 86+ 16° (agonist)
RO41-7812 10 309+ 22° (inverse agonist)
RO42-8773 30 282+ 22° (inverse agonist)
MFB 43C 30 111+17

RY10 30 310+ 27° (inverse agonist)
Compound #42 30 226+ 38

Compound #47 30 248+ 20

RU31719 30 93+ 17° (agonist)

AHR 11797 30 105+ 17

U 78875 30 121+24

Flunitrazepam 5 56 + 14° (agonist)
Antagonism¢ Drug+flu (5 mg,/kg)
RO15-1788 10 157 + 13° (antagonist)
AHR 11797 30 36+ 5 (no antagonism)
MFB 43C 30 28+ 11 (no antagonism)
RO16-6028 10 219+ 68° (antagonist)
Compound #42 30 258 4+ 63° (antagonist)
Compound #47 10 128+ 25° (antagonist)

U 78875 30 269 + 35° (antagonist)

#Values are expressed as the mean+SEM of the total number of
times a mouse interrupted the photosensor beams during 10 min monitor-
ing sessions. The experiments were conducted using eight mice to a
group with the exception of the vehicle group which contained 12 mice.
Differences in activity were determined by one-way ANOVA with signif-
icance reported between vehicle and each drug by post hoc comparisons
using Dunnett’s multiple comparison test.

®n < 0.01.

°p < 0.05.

IDifferences between treatment groups in the antagonism study
(vehicle, flunitrazepam, and simultaneous administration of drug with
flunitrazepam) were determined by one-way ANOVA with post hoc
comparisons using Bonferroni’s multiple comparison test.

®Significantly different from flunitrazepam alone but not different
from vehicle. Vehicle is 0.9% sdine+0.2% Tween 80. Flu=
flunitrazepam.

min after injection. Results were compared to both the
effects of flunitrazepam alone and the vehicle control.
Statistical evaluation of the locomotor activity data was
assessed for multiple comparisons using one-way analysis
of variance (ANOVA) with significance reported between
vehicle control and each drug by post hoc comparisons
using Dunnett’s multiple comparison test. Differences be-
tween treatment groups in the assessment of antagonism
(vehicle control, flunitrazepam, and simultaneous adminis-
tration of benzodiazepine receptor ligand and fluni-
trazepam) were analyzed by one-way ANOVA with post
hoc comparisons using Bonferrroni’s multiple comparison

test. GraphPad PRISM 2.01 (GraphPad Software, San
Diego, CA) was used to perform the above analyses.

2.2. Computational methods

2.2.1. Construction of structures of benzodiazepine recep-
tor ligands

Initial structures of the 21 benzodiazepine receptor lig-
ands included in this study were constructed in MS
Quanta (M SI-Quanta/Biosym, San Diego, CA). All force-
field parameters used were from the Quanta/CHARMM
(Chemistry at Harvard Macromolecular Mechanics) force-
field. The net atomic charges used, based on parameteriza-
tion in this program, were also consistent with the fact that
al of the compounds are neutral. The initial structures
were then energy minimized using 200 steps of steepest
descents followed by 2000—3000 steps of conjugate gradi-
ents or until the rms changes in the gradient were smaller
than 0.01 A. A long 90-A potential truncation was used to
minimize effects on structure due to potential truncation
via a switching function.

2.2.2. Calculation of conformational libraries of the ben-
zodiazepine receptor ligands

The method used for pharmacophore development re-
quires the generation of a conformational library for each
compound. These conformational libraries were generated
with an assumed dielectric constant of 80 and a long
potential function truncation distance at 90 A in order to
minimize truncation effects. The value of &= 80 chosen is
based on an assumption that the accessible benzodiazepine
receptor ligand conformational pool is developed in a polar
environment prior to binding to the GABA receptor or that
the GABA binding sites are themselves partially exposed
to a polar environment.

The method chosen for calculation of the conforma
tional libraries depended on the number of rotatable bonds
in the molecule. In al cases, the same Quanta/CHARMM
field was used for the ligands. For benzodiazepine receptor
ligands with less than five rotatable bonds, a simple nested
rotation (grid search) procedure was used, as embodied in
Quanta/CHARMM, employing incremental rotations
about each rotatable bond and energy minimization with
the torsion angles active in the grid search constrained to
their grid values. For one compound in this study, aber-
canil, a hybrid genetic agorithm/energy minimization
method was used, as described below.

The protocols adopted in preparation of conformational
libraries by grid search procedures were based upon a few
simple principals: (1) it is desirable to use fine grids for
torsion angles affecting the position and orientation of
hydrogen bonding moieties in the ligands, (2) the torsion
angles affecting the position of large hydrophobic groups
may be sampled more coarsely, commensurate with the
overall goa of (3) keeping the total number of conformers
in each ligand conformational library to less than severa
thousand. Given that hydrogen-bonding atoms in a ligand
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will have very specific, distance-constrained interactions
with a complementary receptor donor or acceptor, a 30°
increment was chosen in grid searches for torsion angles
affecting such moieties. For cases where less than two
torsion angles were active in the search, 30° increments
were used irrespective of the moieties affected by the
torsion angle variations. For cases with three—four torsion
angles, more gross increments of 60° were used for torsion
angles affecting the orientation of hydrophobic groups.
Because the method used for pharmacophore generation
requires a conformational library for each ligand in the
training set, even in cases of rigid compounds, such as
AHR 11797, a single rotational degree of freedom was
chosen for exploration.

In the case of abercanil with a greater number of
rotatable bonds possibly important in the pharmacophore
development, a hybrid genetic algorithm/minimization
method in CCEMD (Sandia Laboratories) was employed.
There are three separate steps in each hybrid genetic
algorithm run: (1) in initial genetic algorithm step wherein
an initial population of low energy (fit) conformers is
determined, (2) a subsequent step in which this initial
population is clustered into families of unique conformers
and (3) energy minimization of the unique conformers. In
the case of abercanil, an initial population of low energy
conformers was generated using a genetic algorithm search
step. Next, thisinitial population of low energy conformers
was screened to find those low energy conformers differ-
ing by 5° rms in their torsion angles. This latter set of
conformations was then subjected to energy minimization
as described below. This procedure was repeated for six
runs until no significant additional low energy conformers
were detected.

Energy minimizations for both the hybrid genetic algo-
rithm and nested rotation conformational searches were
carried out using a combination of steepest descent and
conjugate gradient methods until a gradient of less than
0.01 kcal /A was obtained. For the grid search optimiza-
tions were performed with harmonically constraining the
active torsion angles. For the hybrid genetic agorithm
procedure, used for abercanil, unconstrained optimizations
were performed. The library of conformers obtained for
each compound was the one used as input to the pharma-
cophore development program.

In addition to rotational degrees of freedom, three of the
compounds included in this study, CGS8216, CGS9895
and CGS9896 can exist in three tautomeric forms. The
tautomeric form chosen was the lowest energy form calcu-
lated using the density functional method or the semiem-
pirica Austin method 1 (AM1) and including solvent
effects.

2.2.3. Pharmacophore development

The program developed for this purpose employs previ-
oudly validated principles of conformational clustering and
identification of commonalitiesin the 3D display of chemi-

cal moieties found in two previously developed programs
Disco (Martin et al., 1993) and later in a program devel-
oped in our own laboratory DISTCOMP (Huang et d.,
1997). MOLMOD differs from the earlier DISTCOMP
program by (i) use of exclusive conformer clustering, i.e. a
conformer will appear in at most one cluster, (ii) use of
independent distance criteria for the conformer clustering
and for pharmacophoric distance assessment, (iii) having
the capability of using receptor points, based on ligand
atomic center (sp2, sp3, etc.) hybridization, in the pharma-
cophoric moiety definitions. MOLMOD has been devel-
oped employing dynamic memory allocation and a C + +
molecule class library in order to treat problems with large
training sets and conformational libraries.

The MOLMOD program requires four types of input
information (i) the conformational library for each ligand,
(i) definitions of al fragment moieties in each molecule
that are candidate components of the pharmacophore, (iii)
a distance criteria for both conformational clustering and
for determination whether common distances exist be-
tween candidate pharmacophoric elements in the ligand
training set and (iv) the energy range of conformers to
consider in the pharmacophore determination. The moi-
eties for consideration in pharmacophore determination are
those that could be involved in key interactions with the
complementary amino acids in the binding site of the
receptors under investigation.

For input to this program, candidate pharmacophore
fragment moieties are classified as one of five distinct
types of descriptors. These include: (i) ligand proton donors
and (ii) ligand proton acceptors or their complementary
proton acceptor or donor receptor points; (iii) aromatic
ring systems and (iv) hydrophobic groups, both of which
can be represented as centroids; and (v) a variable descrip-
tor that is a user-defined class to explore the importance of
additional types of recognition moieties.

To aid in selection of appropriate moieties for consider-
ation as pharmacophoric elements, chemical properties
such as relative proton donating and accepting abilities of
candidate ligand moieties, group hydrophobicities (Kantola
et al., 1991), electron distribution in the highest occupied
(HOMO) and lowest empty (LUMO) molecular orbitals
were calculated. The principal quantum chemical method
used for these calculations was the AM1 present in
MOPACY (Stewart, 1990). The results obtained using this
method were found, for ligands in this study, to be consis-
tent with those obtained from both density functional
theory (DFT) (Oxford Molecular, Unichem 4.0) and stan-
dard Hartree—Fock methods in Gaussian 98 (Frisch et al.,
1998).

The user then defines al moieties in the molecule in
terms of the five descriptors and also provides a general
definition of the candidate pharmacophore. Using the con-
formational libraries of each ligand, the program first
determines the exclusive conformational clusters. It then
determines if a common 3D spatial arrangement of any
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combination of these moieties existsin at least one confor-
mation of each ligand within a user-specified distance
tolerance. Thus, for example if one is searching for a
recognition pharmacophore defined as two proton acceptor
atoms, a hydrophobic center, and a ring with polar moi-
eties, there may be several ways to pick these moieties in
any given molecule. The program automatically examines
all such possibilities and compares the spatial arrangement
for all possible choices in each ligand using its conforma-
tional library. A pharmacophore is found if comparable
distances between all pharmacophoric elements are calcu-
lated for al the ligands in the training set. These distances
are pooled and the standard deviation of those average
distances are computed and stored. The sum of the vari-
ances of these interpharmacophore distances is computed
and used as an indicator of the uncertainty in the common
distances in the 3D pharmacophores generated.

When a 3D pharmacophore is found, the output of the
MOLMOD program identifies the common moieties found
for each compound, provides the common pairwise dis-
tances found between the moieties identified, the variances
between them, and alist of all conformers of each molecule
that fulfills the pharmacophoric definition. If desired, a
superposition of the lowest conformations of each of the
molecules fulfilling the pharmacophore can be made along
with output of the root mean square distance matrix be-
tween pharmacophore elements of al compounds.

Using this procedure, multiple pharmacophores may be
found. If so, these pharmacophores are ranked in increas-
ing order of the value of the total variance in the pairwise
distances comprising each candidate pharmacophore. The
most promising 3D pharmacophore is then selected as the
one with the lowest values of this variance, i.e. with the
strictest compliance with the distance requirements of the
pharmacophore.

MOLMOD can be used to develop both recognition and
activation pharmacophores. The work reported here fo-
cuses on development of a common recognition pharma
cophore for all the active ligands at the sedation endpoint.
Since agonists, antagonists and inverse agonists must all
have significant affinity at these receptors, these common
interactions found using all three types of ligands represent
the minimum requirements for recognition by them of
these receptors. However, while these ligands are struc-
turaly diverse and have qualitatively different abilities to
activate these receptors, they also have other distinctive
stereochemical properties that allow interaction with recep-
tor subtypes with different types of activity than at the
sedation endpoint. Thus, while they share common interac-
tions with some hinding site residues of the receptor
subtype associated with sedation, agonists, antagonists, and
inverse agonists also have unique facets crucial to the
interaction with additional receptor binding sites. Thus, the
overall picture that emerges is that agonists, antagonists
and inverse agonists have partially overlapping binding
sites containing the minimum requirements for recognition.

This deduction is supported by experimental binding
studies indicating competitive binding of these ligands
(Dunn et d., 1999; Hunkeler et al., 1981; Mohler et al.,
1981). It is further supported by an additional computa
tional effort reported here. Specifically, a pharmacophore
analysis using MOLMOD was performed for agonists,
inverse agonists and antagonists separately. The computa-
tional uncertainties in the distance matrices for agonists,
inverse agonists and antagonists, respectively, were com-
puted from the variance in these distances when deduced
from ligands of their class. Each of the resulting pharma-
cophores was compared for similarity to the recognition
pharmacophore obtained using al of the active ligands
together. This similarity was investigated in order to con-
firm that the 3D pharmacophore generated contained the
minimum requirements for ligand recognition of receptors
leading to activity at the sedation endpoint. These require-
ments are defined by the overlapping region of these
ligands.

The 3D recognition pharmacophore confirmed to be
common to al three classes of ligands was assessed by
checking its ability to extract known benzodiazepine ago-
nists, inverse agonists and antagonists from chemical
databases as described in Section 2.2.4 and by testing the
pharmacophores utility in predicting binding to receptor
subtypes containing o1 but not a5 containing receptor
subtypes as described in Section 2.2.5.

2.2.4. Pharmacophore assessment

The validity of the 3D pharmacophore developed was
assessed in five independent ways. The first was to deter-
mine if the compounds found to have no effect at the
sedation endpoint failed to comply with the pharma
cophore requirements using comparable analysis criteria,
i.e. distance tolerance and energy window. The second was
to determine to what extent four additional structurally
diverse benzodiazepine receptor ligands known to have
varying activities at the sedation endpoint complied with
the pharmacophore requirements. The structures of the
four diverse ligands selected, CL218, 712, midazolam,
ZK91296 and ZK93426, are shown in Fig. 5. The third
was to use the 3D pharmacophore developed to search 3D
databases for compounds that fulfill these requirements.
The fourth assessment was to determine if the 3D pharma-
cophore for these compounds including agonists, inverse
agonists and antagonists at the sedation endpoint had
predictive ability in retrieval of known sedative com-
pounds in chemical databases. The fifth assessment is
described in Section 2.2.5 below.

2.2.5. Comparative molecular similarity indices analysis
(CoMSIA) 3D-QSAR for binding affinity

The 21 ligands studied here have very diverse tem-
plates. However, the MOLMOD program allows the deter-
mination a priori of their best overlap consistent with the
recognition pharmacophore. Specifically, ligands were
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overlapped at their corresponding pharmacophore points
deduced using MOLMOD. With the ligands overlapped at
the pharmacophore points, determined by MOLMOD, a
CoMSIA (Klebe et d., 1994) is possible using a partial
least squares (PLS) 3D-QSAR procedure. Using charge
sets either from semiempirical MOPAC calculations, ab
initio RHF calculations with a 6-31G* basis or even
Gasteiger charges gave CoMSIA results of comparable
utility. The CoMSIA method is similar in spirit to that of
comparative molecular field analysis (COMFA). Both are
based on the assumption that changes in binding affinities
of ligands are related to changes in molecular properties,
represented by fields.

Binding data has been reported for al ligands in the
present training set (Lameh et al., 2000a,b). This data
permits the determination of the extent to which the over-
lap deduced using the recognition pharmacophore gener-
ated by MOLMOD has a good correlation and predictivity
of the binding of the 21 ligands in the training set to a1
containing GABA , benzodiazepine receptor subtypes. As
a good negative control, the extent to which the overlap
deduced using the recognition pharmacophore generated
by MOLMOD has a good correlation and predictivity of
binding to a5 containing GABA , benzodiazepine receptor
subtypes known not to lead to a sedation response.

Comparative molecular similarity indices analyses were
performed using a variety of molecular field descriptors. In
particular proton acceptor, electrostatic, hydrophobic and
steric fields were found to provide a molecular field set
adequate for 3D-QSAR anaysis of the 21 compound
training set. Triad PLS analyses were performed with
cross-validation in order to determine the number of signif-
icant components and the predictivity of the model param-
eterized via the cross-validated r? (designated ). A non
cross-validated analysis was then performed with the same
number of components in order to determine a predictive
binding model, r? and errors associated with the binding
model based on the MOLMOD alignment. This procedure
was performed with the binding data for o1 and o5 of the
21 compounds in the training set containing receptor bind-
ing data to determine if the pharmacophore developed
from sedation behavioral data for the recognition elements
common to the overlapping regions of sedation agonist,
inverse agonist and antagonist binding sites is predictive of
binding to a1 containing GABA , benzodiazepine receptor
subtypes and not to o5 containing GABA, benzodi-
azepine receptor subtypes.

3. Results
3.1. Experimental studies
In addition to the sedation data determined previously

in our laboratory (Davies et al., 1994; Chen et al., 1996),
the database has been expanded to increase its structural

diversity. Thus, locomotion studies of 17 compounds are
reported in the present work. The results are presented in
Table 1. Overdl, group effect of treatment was analyzed
by oneway ANOVA: [F(17,130) = 16.61, p = 0.001].
Post hoc comparisons were made using Dunnett’s multiple
comparison test to analyze differences between each indi-
vidual drug and vehicle and are reported in Table 1.

Ligands devoid of agonist or inverse agonist activity in
the spontaneous locomotor task were tested for their ability
to reverse the effects of flunitrazepam (5 mg,/kg). Overal,
group effects between treatment groups (vehicle, fluni-
trazepam, and simultaneous administration of drug with
flunitrazepam) were determined by one-way ANOVA:
R0O15-1788 (10 mg/kg) [F(2, 25) =36.0, p < 0.001];
AHR 11797 (30 mg/kg) [F(2, 25) =823, p < 0.001];
MFB 43C (30 mg/kg) [F(2, 25 =67.7, p < 0.001];
RO16-6028 (10 mg,/kg) [ F(2, 25) = 5.5, p < 0.05]; com-
pound #42 (30 mg/kg) [F(2, 25) = 8.7, p < 0.01]; com-
pound #47 (10 mg/kg) [F(2, 25) = 17.7, p<0.001]; U
78875 (30 mg/kg) [F(2, 25) = 26.4, p < 0.001]. Post hoc
comparisons using Bonferroni’s multiple comparison test
found significant differences between mice receiving fluni-
trazepam (5 mg/kg) alone and mice receiving simultane-
ous administration of flunitrazepam with each of the fol-
lowing drugs: RO15-1788 ( p < 0.001), RO16-6028 ( p <
0.05), compound #42 ( p < 0.01), compound #47 (p <
0.05) or U 78875 ( p < 0.001). Furthermore, for each of
these drugs, the activity level of mice receiving simultane-
ous administration of flunitrazepam + drug and mice re-
ceiving vehicle alone was not significantly different (p >
0.05). Taken together these results suggest these five drugs
antagonize flunitrazepam’ s effect on locomotion (Table 1).
In contrast, MFB 43C (30 mg/kg) and AHR 11797 (30
mg,/kg) were unable to significantly antagonize the motor
impairing effects of flunitrazepam when administered si-
multaneously with flunitrazepam ( p > 0.05). Thus, these
two compounds have no effect, neither agonist, inverse
agonist or antagonist at this behavioral endpoint and it can
be deduced that they do not bind with appreciable affinity
to any of the BDZ receptors initiating activity in the
sedation endpoint.

3.2. Sructures and corresponding experimental results

The 21 compounds used in the computational studies,
are shown in Fig. 1 together with the type of activity found
at the sedation endpoint, in bold. The anxiolytic response
determined in previous studies for 16 of these ligands
using a computer-controlled automated elevated plus-maze
system is also given in italics below the sedation response
in this figure. These results are provided as evidence for
behavioral selectivity. As clearly seen from this figure, the
compounds that had no effect at the sedation endpoint are
different from those that had no effect at the anxiolytic
endpoint. In this work, a compound with ‘‘no effect’”
means a compound that does not elicit agonism, inverse



D.L. Harriset al. / European Journal of Pharmacology 401 (2000) 271287 279

Table 2
Total number of conformers and number within 3 kcal /mol of minimum
for each of the 21 benzodiazepine receptor ligands studied

Compound Total® # Conformery < 3 kcal)
Abecarnil 1331(8) 1128
Flunitrazepam 144 (2) 36
Zolpidem 144.(2) 36
U 78875 1728 (3) 46
RO23-1590 144 (2) 106
RO41-7812 144 (2) 12
CGS9895 144(2) 132
AHR 14749 144 (2) 14
RO23-0364 144 (2) 6
RO42-8773 864 (3) 16
RU31719 864 (3) 110
RO15-4513 864 (3) 12
CGS9896 12(1) 12
AHR 11797 8(1) 6
CGS8216 12 (1) 12
RO16-6028 144 (2) 11
RO15-1788 864 (3) 50
Compound #42 432(3) 7
Compound #47 432 (3) 12
MFB 43C 8(1D 2
RY 10 1296 (4) 62

#The number of torsion angles explored in the search are shown in
parentheses. The torsion angles active in the conformation search are
indicated by arrows in Fig. 1.

agonism or antagonism. Specifically, as seen in Fig. 1, two
of the compounds, which have no effect at the anxiolytic
endpoint, RO23-1590 and AHR 14749, have a robust
effect at the sedation endpoint. By contrast, of the two
compounds that had no effect at the sedation endpoint,
MFB 43C is an agonist and AHR 11797 is an inverse
agonist at the anxiolytic endpoint. This observation indi-
cates that the lack of effect observed at one of these two
endpoints, is not caused by lack of bioavailability of these
compounds at the benzodiazepine receptors but is rather
because they do not bind with significant affinity to the
benzodiazepine receptors that are responsible for the activ-
ity at the behavioral endpoint being assessed. In addition,
as seen in Fig. 1, some agonists at one endpoint were
found to be inverse agonists or antagonists at the other.
Thus, the 3D pharmacophore developed here for recogni-
tion of receptors initiating sedative effects should be differ-
ent from that initiating anxiolytic activity.

3.3. Conformational libraries

The number of unique conformations generated for each
of the 21 ligands in the study are given in Table 2. In this
table, the total number of conformers in each library, as
well as the tota number of unique conformers within
3-kcal /mol of the lowest energy conformer of each ligand,
are given. As indicated by the number of these low energy
conformers, many of the ligands have significant confor-
mational flexibility, despite the fact that they are non-

peptide organic compounds. It is important to include al
of these possible conformations for each of the compounds
in the search for a 3D pharmacophore since the shape of
the ligand as well as relative positions of candidate phar-
macophore moieties are major factors in determining the
gpatial commonalities that make up the 3D pharmacophore
of these structurally diverse ligands.

All of the conformers within 3 kcal /mol of the lowest
energy conformer for each ligand were used as input to the
pharmacophore development program. The use of an en-
ergy window of this magnitude has recently been shown to
be adequate (Bostrom et al., 1998). Nevertheless, the
pharmacophore generated by using all low energy con-
formers within 3 kcal /mol of the lowest energy conformer
found for each ligand was further verified, by the finding
that is the same as that obtained using of a larger window
of 5 kcal /mal.

3.4. Proton affinities, group hydrophaobicities and LUMO
distributions

In addition to the conformational library of each ligand,
the program, MOLMOD, requires user definitions of all
fragment moieties in each molecule that are candidate
components of the pharmacophore. To aid in selection of
appropriate moieties for consideration as pharmacophoric
elements, chemical properties such as relative proton ac-
cepting abilities of candidate ligand moieties, group hy-

Table 3
Cdculated relative? heats of protonation for each compound shown in
Fig. 1 determined using the AM1 method

Compound Protonation Site (c.f. Fig. 1)

1 2 3 4 5
Abecarnil 0 15.8 22.8 257 275
Flunitrazepam 139 0 21.8
Zolpidem 0 26.1 37
U 78875 0 8.3 1 39 11
R0O23-1590 0 23 29 326 74.0
ROA41-7812 0 377 9.4 180.0
CGS9895 0 12 35
AHR 14749 0 17.1 58.7 9.3
R0O23-0364 5.8 41.9 0 47.6 317
RO42-8773 27.93 21.14 0 55.53
RU31719 0 17.8 61.7
RO15-4513 0 26 30 57 86
CGS9896 0 14.3 -
AHR 11797 10.79 0
CGS8216 0 25 -
RO16-6028 0 21.2 28.1 6.7 3.9
RO15-1788 0 6.5 284 16.8 36.3
Compound #42 0 12 47 23
Compound #47 0 24 37 23
MFB 43C 15 0 1235
RY 10 0 15.6 13.7 46.8

#The heats of protonation of all sites have been expressed relative to
the site with the smallest heat of protonation.
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Table 4

Table of group hydrophobicities of most hydrophobic groups of the
compounds in Fig. 1. Labels correspond to Fig. 1. The ring system
containing the lowest unoccupied molecular orbital of the molecule is
also shown in parenthesis

Compound Group hydrophobicities

A B C
Abecarnil 13 2.0 1.6 (LUMO)
Flunitrazepam 214 1.4(LUMO) 04
Zolpidem 2.3 1.0(LUMO)
U 78875 12 1.8 (LUMO) 1.2
RO23-1590 25 1.7 (LUMO)
RO41-7812 1.4 2.2(LUMO)
CGS9895 0.8 1.5(LUMO) 0.77
AHR 14749 31 0.8 (LUMO)
RO23-0364 2.3 1.7 (LUMO) —0.63
RO42-8773 13 21(LUMO)
RU31719 1.9 2.4 (LUMO)
RO15-4513 0.8 1.6 (LUMO) 04
CGS9896 25 1.9 (LUMO)
AHR 11797 19 1.6 (LUMO)
CGS8216 2.0 1.8 (LUMO)
R0O16-6028 15 1.6 (LUMO)
RO15-1788 0.95 2.1 (LUMO)
Compound #42 0.82 1.6 (LUMO) 5.22
Compound #47 0.8 1.5(LUMO) 5.22
MFB 43C 24 1.8 (LUMO)
RY10 0.8 1.6 (LUMO)

#The hydrophobicity contribution of an atom [Br(RO16-6028); S(MFB
43C); Si(compound #42 and compound #47)] has not been included in
this case but would significantly ater the hydrophobicity of this moiety.

drophobicities, (Kantola et al., 1991) and electron distribu-
tion in the HOMO and LUMO were calculated.

1,2 =Acceptor Points

3= Variable
Hydrophobic
Region

D(1-2)=4.9 £ 0.9A
D(-3)=5.0+1.3A
D(1-4)=1.8+1.0A
D(1-5)=4.8+09 A
DR-3)=61£20A
DR24)=3315A
D(2-5)=4.0£0.8A
D(3-4)=5.0 £0.7 A

D(3-5)=8.1£1.3 A

D@4-5)=3.50.7 A

4 = Ring with
Polar Moieties

Fig. 2. The five-component, 3D sedation pharmacophore for ligand
recognition of GABA , /benzodiazepine receptors eliciting a response at
this endpoint determined using al the compounds in this study.

Table 3 gives the relative proton accepting ability of
competing polar groups within each ligands. This property
was determined by calculation of the relative proton affini-
ties at each site. These sites are labeled by number 1-5 for
each compound in this table and correspondingly labeled
in Fig. 1. These calculations were performed at the AM1
semiempirical quantum chemical level. Calculated group
hydrophobicities for the three most hydrophobic moieties
in each compound, labeled A, B and C, are previous work
in this group indicated that such center could be an impor-
tant component in the activation of rat «l containing
receptors in the cerebellum (Schove et a., 1995). Using
the quantum chemical data reported in Tables 3 and 4, all
possible recognition elements in each compound were
identified as donors/acceptors, hydrophobic centers, hy-
drophobic rings on which the LUMO residues and cen-
troids of other ring systems, including rings containing
polar heteroatoms. Also identified in Table 4 is the hy-
drophobic moiety that is the main component of the LUMO
and can hence act as an electron-accepting center. These
moieties are labeled in Fig. 1 in accord with the numbering
and lettering scheme in Tables 3 and 4.

3.5. 3D pharmacophore developed for recognition of
GABA, benzodiazepine receptors leading to activity at the
sedation end point

Although it is not possible at present to identify the
specific functional receptor(s) initiating each of the re-

Table 5
Summary of moieties*® in each molecule comprising the best 5 point
pharmacophore

Molecule Acceptor 1 Donor 2 Hydro- Polar LUMO
(receptor (receptor phobic  ring
donor pt. 1) donor pt. 2) moiety

Abercanil 1 4 A D C

Flunitrazepam 2 3 A D B

Zolpidem 1 2 A C B

U 78875 1 4 A D B

RO23-1590 1 2 A D B

RO41-7812 3 1 A C B

CGS9895 1 2 A C B

AHR 14749 1 2 A C B

RO23-0364 3 1 A D B

RO42-8773 3 1 A C B

RU31719 1 2 A C B

RO15-4513 2 1 A F B

CGS9896 2 3 A C B

AHR 11797 1 2 A C B

CGS8216 2 3 A C B

RO16-6028 4 2 A C B

RO15-1788 4 2 A C B

Compound #42 2 1 A D B

Compound #47 2 1 A D B

RY 10 1 2 A D B

®The numbering/lettering system in this table corresponds to that
defined in Fig. 1.

The compound RO23-0364 is a single exception to this genera
pattern.
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Fig. 3. Comparison of a five-component recognition pharmacophore derived from agonists, inverse agonists and antagonists analyzed separately. Error bars
were estimated from variances in the distances in conformers corresponding to each of the pharmacophores.

sponses at different behavioral endpoints, the observed endpoint. This is the focus of the work reported here
behavioral response at each endpoint can be used together specifically for the sedation endpoint. A five-component
with the program MOLMOD to identify 3D recognition 3D recognition pharmacophore was deduced using the 21
pharmacophores common to the overlapping binding re- ligands from all classes in the program MOLMOD
gions of agonists, inverse agonists and antagonists at each together with an energy window for conformers of

Fig. 4. Overlap of GABA , /benzodiazepine receptors ligands associated with sedation superimposing the five moieties of their recognition pharma-
cophore. This figure showing the distribution of the proton donating receptor points (complementary to ligand-based proton acceptors), in green, on either
side of the long axis of the molecule defined by a hydrophobic group and the LUMO ring at opposite ends of each compound.
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3 kca /mol and a distance test tolerance of 1.3 A. This
pharmacophore for recognition of receptors leading to
activity at the sedation endpoint is shown schematically in
Fig. 2 together with the distance between each of the five
components that make up the pharmacophore as well as
their uncertainties. As shown in this figure, the five moi-
eties that comprise this pharmacophore are two proton
acceptors, one hydrophobic group, another that also con-
tains the LUMO and an aromatic ring with polar moieties.
These five moieties that comprise the pharmacophore are
identified in Table 5 in a lettering/numbering scheme
shown in Fig. 1 and the other property tables. Since
agonists, antagonists and inverse agonists must al have
significant affinity at these receptors, these common inter-
actions found using al three types of ligands represent the
minimum requirements for recognition by them of these
receptors. These requirements are part of the overlapping
regions of all three types of ligands.

This deduction is supported by an additional computa
tional effort reported here. Specifically, a pharmacophore
analysis using MOLMOD was performed for agonists,
inverse agonists and antagonists separately. The systematic
search in MOLMOD resulted in a pharmacophore for each
class: agonists, inverse agonists and antagonists taken sep-
arately. Fig. 3 shows a bar graph comparing the corre-
sponding distances between common moieties in the three

CI218872

Cl

Midazolam C

classes of ligands deduced from this procedure, with those
of the 3D pharmacophore deduced using all of them
together. The results indicate that, within computed vari-
ability these distances are the same. This similarity found
is a confirmation that the 3D pharmacophore generated
shown in Fig. 2 contains the minimum requirements for
ligand recognition of receptors leading to activity at the
sedation endpoint. These requirements are part of the
overlapping region of these ligands. Fig. 4 shows the
overlap of GABA , /benzodiazepine receptors ligands as-
sociated with sedation superimposing the five moieties of
their recognition pharmacophore. This figure showing the
distribution of the proton donating receptor points (com-
plementary to ligand-based proton acceptors), in green, on
either side of the long axis of the molecule defined by a
hydrophobic group and the LUMO ring at opposite ends of
each compound.

3.6. Assessment of the reliability of the 3D pharmacophore
for recognition of receptors leading to activity at the
sedation endpoint

Five assessments of the reliability of the sedation recog-
nition pharmacophore were made. The first was to deter-
mine if the two compounds, AHR 11797 and MFB 43C,
found to have no effect satisfied the requirements of the

ZK91296

ZK93426

Fig. 5. Four ligands known to bind to receptor subtypes associated with sedation C1218872 (Gardner and James, 1987), ZK 91246 /weak agonist (Pellow
and File, 1986), midazolam (agonist) and ZK93426 (antagonist /weak inv. ag. (Duka et al., 1988)).
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pharmacophore. No pharmacophore was found when these
no-effect compounds were included in the data set even
using twice the distance tolerance used to obtain the
pharmacophore (of 1.3 A). Moreover, both of these no-&f-
fect compounds were found to have two proton acceptor
moieties near one another and on the same, rather than the
opposite, side of the long axis of the ligand defined by the
hydrophobic and aromatic ring containing LUMO. Both
the lack of compliance of these compounds with the 3D
pharmacophore developed and the qualitatively different
arrangement of these two groups than found for the 19
compounds that had some activity at this endpoint are
consistent with their lack of activity and provide a valida-
tion of the pharmacophore.

The second type of assessment of the pharmacophore
was to determine the extent to which four additional
benzodiazepine receptor ligands, not included in its devel-
opment and known to be active at this endpoint, complied
with the pharmacophore requirements. The four struc-

1-4 BZDs

B—Carbolines

Abercanil

Diazepam

turally diverse compounds chosen, known to bind to recep-
tor subtypes associated with sedation C1218872 (Gardner
and James, 1987), ZK91246 /weak agonist (Pellow and
File, 1986), midazolam (agonist) and ZK93426
(antagonist /weak invag. (Duka et al., 1988)) are shown in
Fig. 5 together with their known activity at the sedation
endpoint. Conformational libraries were generated for these
compounds and used as input to the MOLMOD program.
The results obtained indicated that all four compounds
satisfied the requirements of the 3D pharmacophore devel-
oped for sedation.

The third assessment made of the reliability of the 3D
pharmacophore for the sedation endpoint was to use it to
search 3D databases for compounds that satisfied its re-
quirements, using the NCI, Chappman—Hall and Cam-
bridge Crystallographic Databases. Fig. 6 shows eight
compounds found from these database searches that are
either known benzodiazepine receptor ligands with activity
at the sedation endpoint or closely related analogs of such

Templates Analogous
to RO231590

Templates Analogous
to AHR14797

Fig. 6. A small sampling of compounds obtained from database searches based on the current pharmacophore.
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ligands. In addition to finding compounds within the train-
ing set, such as flunitrazepam and abercanil, additional
high efficacy sedatives were found such as clonazepam
and diazepam providing additional validation. Perhaps,
more important are the novel compounds shown in Fig. 6.
These compounds have templates analogous to the RO23-
1590 and AHR 14749 compounds found to show some
discrimination between anxiolysis and sedation.

The fourth assessment is that the 3D pharmacophore for
these compounds including agonists, inverse agonists and
antagonists at the sedation endpoint has predictive ability
in retrieval of known sedative compounds in chemical

D.L. Harriset al. / European Journal of Pharmacology 401 (2000) 271287

databases. The development of a pharmacophore which
identifies properties common to the compounds which
have any one of these three types of activities and the
demonstration that these are absent in those that have no
effect provides support for 3D recognition pharmacophore
development based on in vivo behaviora data. This result
also provides additional support that the binding pocket of
agonists, inverse agonists and antagonists are overlapping.

The fifth type of assessment is based on the recent
study examining the effects of diazepam in H101R-mutated
a1 subunit in mice that definitively indicates a role of the
al subunit in GABA , /benzodiazepine receptor sedative
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Fig. 7. (@ CoMSIA (3D-QSAR) for correlation of predicted binding to benzodiazepine receptor subtypes containing a1l subunits. (b) CoMSIA
(3D-QSAR) for correlation of predicted binding to benzodiazepine receptor subtypes containing o5 subunits.
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response. The question addressed was to what degree does
the 3D recognition pharmacophore developed from such in
vivo data also indicate high affinity and strong correlations
for binding to GABA , benzodiazepine receptors contain-
ing o1 subunits.

Fig. 7a shows the result of a PLS analysis for the
comparison of the computed binding based on the pharma-
cophore with experimentally determined « 1 binding affini-
ties for the training set based on the CoMSIA method. The
correlation with a1 binding affinities is quite good in
several respects. The cross-validated r? value (g?) is 0.5
with an optimal number of components of 4. In order for
such a 3D-QSAR to be reasonably predictive the analysis
should give g2 values of greater than 0.3 (the 95%
confidence interval for g?). For such diverse template
training sets a g* value of ca. 0.5 isin fact quite good and
is likely to be quite predictive. A non cross-validated r? of
0.99 was obtained with a standard error estimate of 0.2.
The overal results indicate the 3D-QSAR model based on
the MOLMOD pharmacophore to be a promising model
for binding to a1 containing benzodiazepine receptor sub-
types.

For the sake of comparison, an analogous comparative
molecular similarity index analysis using the molecular
overlap generated in the sedation recognition pharma
cophore analysis but now using a5 binding data for the
compounds in the training set. This is a negative control
since a5 containing receptors have been shown not to lead
to activity at the sedation endpoint. Consistent with this
facet, as shown in Fig. 7b, an attempt to derive a 3D-QSAR
model based on the sedation pharmacophore shows very
poor correlation with o5 binding data with a small g2
value, indicating amost no predictivity for binding to a5
containing GABA , benzodiazepine receptors. The results
thus show a linkage between the 3D pharmacophore for
recognition of receptors leading to activity at the sedation
endpoint and high affinity for the compounds used to
determine this pharmacophore at benzodiazepine receptors
containing a1 subunits.

4. Discussion

A 3D pharmacophore has been determined that embod-
ies the common molecular determinants of ligand recogni-
tion of GABA , /benzodiazepine receptors that elicit seda-
tion effects. Recognition of these receptors is associated
with compounds with two hydrogen bonding groups on
opposite sides of the molecular axis defined by a hy-
drophobic moiety on one end and the LUMO ring on
the other end of the benzodiazepine receptor ligand. The
pharmacophore obtained, shown in Fig. 2, provides by
complementarity, insight into the types of ligand receptor
interactions important for recognition and the spatial ar-
rangements of these complementary receptor residues. The
long axis is defined by the distance between the hydropho-

bic moiety postulated to interact with hydrophobic residues
in the receptor and the aromatic ring that could serve as an
electron acceptor from a corresponding amino acid elec-
tron donor. A ring with polar moieties is between these
two anchoring points. It is postulated to have both hy-
drophobic and electrostatic interactions with a correspond-
ing ring of a receptor residue such as tyrosine or trypto-
phan that could have both hydrophobic and electrostatic
components. The two proton accepting moieties of the
ligand are on opposite sides of this long axis and postu-
lated to interact with corresponding proton donor residues,
such as arginine, lysine, serine or threonine in the receptor.
A 3D-QSAR analysis based on the 3D pharmacophore
deduced was shown to give good correlation with binding
affinities of ligands to GABA , benzodiazepine receptor
subtypes containing o1 subunits, but not to benzodi-
azepine receptor subtypes containing a5 subunits. Both of
these computational results are consistent with experiment.

In this work, we have used a training set with abundant
molecular diversity, carefully characterized behavioral data
and a template free method of extracting the 3D determi-
nants of recognition of receptors initiating activity at the
sedation endpoint. These same methods will be used to
develop determinants of recognition of receptor subtypes
associated with other behavioral endpoints. In prior studies
in this laboratory, the effect of a set of structurally diverse
benzodiazepine receptor ligands was assessed at five dif-
ferent behavioral endpoints. anxiolysis, sedation, hyper-
phagia, hypothermia, and anticonvulsant activity (Davies
et al., 1994; Chen et a., 1996). The striking observation
was made that many of the compounds evaluated exhibited
behavioral heterogeneity. That is, the same compound
could produce qualitatively different effects, namely ago-
nist, inverse agonist, antagonist or no effect at different
behavioral endpoints. There were no compounds evaluated
that were without effect at al five behavioral endpoints
assessed. This observation rules out lack of transport across
the blood brain barrier as the origin of the lack of effect of
a given compound at a specific endpoint. Furthermore, the
pattern of heterogeneity in these studies was not the same
for each compound. These results provide further evidence
for GABA , /benzodiazepine receptor heterogeneity and
that a different, if perhaps overlapping, set of functional
GABA , receptor benzodiazepine subtypes, are responsible
for initiating a given behavioral response.

The validated 3D pharmacophore determined from this
data will be used as the basis for rationale computer aided
discovery of candidate benzodiazepine receptor ligands
with more selective sedation activity. This effort is of
clinical importance since benzodiazepines remain the
mainstay of therapy for insomnia (Wagner et a., 1998)
with the benzodiazepine ligand zolpidem, the most com-
monly used hypnotic in the U.S. (Lobo and Greene, 1997).
In mammals, sedation can be induced by the enhancement
of GABA , receptor function via the benzodiazepine-bind-
ing site (Luddens and Korpi, 1995). Despite benzodi-
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azepines relative safety, they are associated with severa
adverse effects, seen more often with high doses and
long-term use (Wagner et al., 1998). These effects include
residual daytime sedation ‘*hangover’’, rebound insomnia
and anterograde amnesia. Additional long-term use can
lead to tolerance with withdrawal symptoms appearing if
abrupt discontinuation occurs. Clearly, it is desirable to
ascertain the structural features associated with selective
sedation response with elimination or minimization of
adverse side effects.

Acknowledgements

The authors gratefully acknowledge the support of
NIDA grant DA06304 in support of this work and grate-
fully acknowledge the critical comments of Dr. Jelveh
Lameh and Dr. Marta Filizola during the course of these
investigations.

References

Araujo, F., Tan, S., Ruano, D., Shoemaker, H., Benavides, J., Victorica,
J.,, 1996. Molecular and pharmacological characterization of native
cortical  gamma-aminobutyric acid-A receptors containing both
gammal and gamma3 subunits. J. Biol. Chem. 271, 27902—-27911.

Bonnert, T.P., McKernan, R.M., Farrar, S., le Bourdelles, B., Heavens,
R.P., Smith, D.W., Hewson, L., Righy, M.R., Sirinathsinghji, D.J.,
Wafford, B.N.K.A., Whiting, P.J,, 1999. Theta, a novel gamma
aminobutyric acid type A receptor subunit. Proc. Natl. Acad. Sci. 96,
9891-9896.

Bostrom, J., Norrby, P.O., Liljefors, T., 1998. Conformational energy
penalties of protein-bound ligands. J. Comput.-Aided Mol. Des. 12,
383-396.

Burt, R.D., Kamatchi, G.L., 1991. GABA, receptor subtypes: from
pharmacology to molecular biology. FASEB J. 5, 2916—-2923.

Chen, S.-W., Chen, H.A., Davies, M.F., Loew, G.H., 1996. Putative
benzodiazepine partial agonists demonstrate receptor heterogeneity.
Pharmacol. Biochem. Behav. 53, 87—-97.

Davies, M.F., Onaivi, E.S., Chen, SW., Maguire, P.A., Tsai, N.F., Loew,
G.H., 1994. Evidence for central benzodiazepine receptor heterogene-
ity from behavior tests. Pharmacol. Behav. 49, 47-56.

Duka, T., Goerke, D., Diriw, R., Holler, L., Fichte, K., 1988. Human
studies on the benzodiazepine receptor antagonist beta-carboline ZK93
426: antagonism of lormetazepam’ s psychotropic effects. Psychophar-
macology 95, 463—-471.

Dunn, S.M., Davies, M., Muntoni, A.L., Lambert, J.J., 1999. Mutagenesis
of the rat aphal subunit of the gamma-aminobutyric acid-A receptor
reveals the importance of residue 1-1 in determining the alosteric
effects of benzodiazepine site ligands. Mol. Pharmacol. 56, 768—774.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A.,
Cheeseman, J.R., Zakrzewski, V.G., Montgomery, JJ.A., Stratmann,
R.E., Burant, J.C., Dapprich, S., Millam, JM., Daniels, A.D., Kudin,
K.N., Strain, M.C., Farkas, O., Tomasi, J., Barone, V., Cossi, M.,
Cammi, R., Mennucci, B., Poméli, C., Adamo, C., Clifford, S.,
Ochterski, J., Petersson, G.A., Ayaa, P.Y., Cui, Q., Morokuma, K.,
Malick, D.K., Rabuck, A.D., Raghavachari, K., Foresman, JB.,
Cioslowski, J., Ortiz, J.V., Stefanov, B.B., Liu, G., Liashenko, A.,
Piskorz, P., Komaromi, I., Gomperts, R., Martin, R.L., Fox, D.J,,
Keith, T., Al-Laham, M.A., Peng, C.Y., Nanayakkara, A., Gonzalez,

C., Challacombe, M., Gill, P.M.W., Johnson, B., Chen, W., Wong,
M.W., Andres, J.L., Gonzale, C., Head-Gordon, M., Replogle, E.S.
and Pople, JA., 1998, Gaussian, Pittsburgh PA.

Gardner, C.R., James, V., 1987. Activity of some benzodiazepine recep-
tor ligands with reduced sedative and muscle relaxant properties on
stress-induced electrocorticogram arousal in sleeping rats. J. Pharma-
col. Methods 18, 47-54.

Huang, P., Kim, S, Loew, G., 1997. Development of a common 3D
pharmacophore for delta-opioid recognition from peptides and non-
peptides using a novel computer program. J. Comput.-Aided Mol.
Des. 11, 11-28.

Hunkeler, W., Mohler, H., Pieri, L., Polc, P., Bonetti, E.P., Cumin, R.,
Schaffner, R., Haefely, W., 1981. Selective antagonists of benzodi-
azepines. Nature 290, 514-516.

Kantola, A., Villar, H.O., Loew, G.H., 1991. Atom based parameteriza-
tion of a conformationally dependent hydrophobic index. J. Comput.
Chem. 12, 681-689.

Klebe, G., Abraham, U., Meitznet, T., 1994. Molecular similarity indices
in a comparative analysis (CoMSIA) of drug molecules to correlate
and predict their biological activity. J. Med. Chem. 37, 4130-4136.

Lameh, J., Wang, P., Elgart, D., Meredith, D., Shafer, S.L., Loew, G.H.,
2000a. Unraveling the identity of benzodiazepine receptors in rat
hippocampus and olfactory bulb. Eur. J. Pharmacal., in press.

Lameh, J, Wang, P., Merideth, D., Shafer, S., Loew, G.H., 2000b.
Characterization of benzodiazepine receptors in cerebellum. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry, (in press).

Laurie, EJ,, Wisden, W., Seeburg, P.H., 1992. The distribution of
thirteen GABA, receptor subunit mRNAs in the rat brain. III.
Embryonic and postnatal development. Neuroscience, 12.

Lobo, B.L., Greene, W.L., 1997. Zolpidem: distinct from triazolam? Ann.
Pharmacother. 31, 625—631.

Luddens, H., Korpi, E.R., 1995. Biologica function of GABA , /benzo-
diazepine receptor heterogeneity. J. Psychiatr. Res. 29, 77-94.

Martin, Y., Bures, M., Dahaner, E., Delazzer, J., Lico, I., Pavlik, P.,
1993. A fast new approach to pharmacophore mapping and its
application to dopaminergic and benzodiazepine agonists. J.
Comput.-Aided Moal. Des. 7, 83-102.

McKernan, R.M., Whiting, P.J., 1996. Which GABA ,-receptor subtypes
really occur in the brain? Trends Neurosci. 19, 139-143.

Mohler, H., Burkard, W.P., Keller, H.H., Richards, J.G., Haefely, W.,
1981. Benzodiazepine antagonist RO15-1788: binding characteristics
and interaction with drug-induced changes in dopamine turnover and
cerebellar cGMP levels. J. Neurochem. 37, 714-722.

Olsen, R.W., DeLorey, T.M., 1999. Basic Neurochemistry Raven Press,
New York, pp. 335—346.

Olsen, R.W., Tobin, A., 1990. Molecular biology of GABA , receptors.
FASEB J. 4, 1469-1480.

Pain, L., Oberling, P., Launoy, A., Di Scala, G., 1999. Effect of nonseda
tive doses of propofol on an innate anxiogenic situation in rats.
Anesthesiology 90, 191-196.

Pellow, S., File, S.E., 1986. Evidence that the beta-carboline, ZK 91296,
can reduce anxiety in animals at doses well below those causing
sedation. Brain Res. 363, 174-177.

Prichett, D.B., Sontheimer, H., Shivers, B.D., Ymer, S., Kettemann, H.,
Schofield, R.R., Seeburg, P.H., 1989. Importance of a novel GABA ,
receptor subunit for benzodiazepine pharmacology. Nature 338, 582—
585.

Rudolph, U., Crestani, F., Benke, D., Brunig, |., Benson, J.A., Fritschy,
J-M., Martin, JR., Bluethmann, H., Mohler, H., 1999. Benzodi-
azepine actions mediated by specific gamma-aminobutyric acid A
receptor subtypes. Nature 401, 780—796.

Schove, L.T., Chen, SW., Beatty, M., Maguire, P.A., Davies, M.F.,
Loew, G.H., 1995. A behaviorally selective class of thiophene-con-
taining benzodiazepine receptor ligands. Bioorg. Med. Chem. 3,
1547-1561.

Stewart, JJ.P., 1990. MOPAC: a semi-empirical molecular orbital pro-
gram. J. Comput.-Aided Mol. Des. 4, 1-105.



D.L. Harriset al. / European Journal of Pharmacology 401 (2000) 271287 287

Uvnas-Moberg, K., Ahlenius, S., Hillegaart, V., Alster, P., 1994. High
doses of oxytocin cause sedation and low doses cause an anxiolytic-
like effect in male rats. Pharmacol. Biochem. Behav. 49, 101-106.

Wagner, J., Wagner, M.L., Hening, W.A., 1998. Beyond benzodi-
azepines. aternative pharmacologic agents for the treatment of insom-
nia. Ann. Pharmacother. 32, 680—691.

Whiting, P.J., 1999. The GABA-A receptor gene family: new targets for
therapeutic intervention. Neurochem. Int. 34, 387-390.

Wisden, W., Laurie, D.J., Monyer, H., Seeburg, P.H., 1992. The distribu-
tion of 13 GABA, receptor subunit mRNAs in the rat brain. I.
Telencephalon, diencephalon, mesencephalon. J. Neurosci. 12, 1040—
1062.



